The olfactory placodes generate the primary sensory neurons of the olfactory sensory system. Additionally, the olfactory placodes have been proposed to generate a class of neuroendocrine cells containing gonadotropin-releasing hormone (GnRH). GnRH is a multifunctional decapeptide essential for the development of secondary sex characteristics in vertebrates as well as a neuromodulator within the central nervous system. Here, we show that endocrine and neuromodulatory GnRH cells arise from two separate, nonolfactory regions in the developing neural plate. Specifically, the neuromodulatory GnRH cells of the terminal nerve arise from the cranial neural crest, and the endocrine GnRH cells of the hypothalamus arise from the adenohypophyseal region of the developing anterior neural plate. Our findings are consistent with cell types generated by the adenohypophysis, a source of endocrine tissue in vertebrate animals, and by neural crest, a source of cells contributing to the cranial nerves. The adenohypophysis arises from a region of the anterior neural plate flanked by the olfactory placode fields at early stages of development, and premigratory cranial neural crest lies adjacent to the caudal edge of the olfactory placode domain [Development 127 (2000), 3645]. Thus, the GnRH cells arise from tissue closely associated with the developing olfactory placode, and their different developmental origins reflect their different functional roles in the adult animal.
Introduction
The olfactory placodes of vertebrate animals are transient structures that arise from the anterior neural plate as the neural tube is being formed. The final product, the olfactory organ, arises from the interaction of the olfactory placode and the cranial neural crest that migrates forward to form the structural elements of the olfactory organ (for review see Farbman, 1992; Le Douarin and Kalcheim, 1999) . Placodal derivatives of the vertebrate head include the cranial ganglia, nose, ears, and lens of the eyes, as well as the adenohypophysis (Baker and Bronner-Fraser, 2001; Graham and Begbie, 2000) . These placodes arise at the edge of the neural plate and, in the case of the olfactory placode in zebrafish, from within the neural ectoderm (Whitlock and Westerfield, 2000) . The olfactory organ develops in close association with the adenohypophyseal placode in lamprey, amphibians, and mammals (Braun, 1996; Kawamura et al., 2002) . These olfactory and adenohypophyseal fields flank the region of the developing hypothalamus in vertebrates at the neural plate stage (see diagram, Fig. 1A ). Furthermore, the olfactory and adenohypophyseal placodes are evolutionary conserved structures, for there appear to be homologues present in both cephalochordates and urochordates (Baker and Bronner-Fraser, 1997; Lacalli, 2002; Manni et al., 2001) . In addition to developing in close association with the adenohypophysis, the olfactory placodes develop in close association with premigratory cranial neural crest which flanks the posterior edge of the olfactory field (see diagram, Fig. 1A) . Thus, the olfactory placode develops in close association with the region of the neural plate that will give rise to the adenohypophysis and hypothalamus, and the cranial neural crest contributing to the frontal mass.
In addition to sensory neurons, the olfactory placode is thought to generate a group of neuroendocrine cells containing the decapeptide gonadotropin-releasing hormone (GnRH) (Dubois et al., 2002; Schwanzel-Fukuda and Pfaff, 1989; Wray et al., 1989) . These GnRH cells migrate away from the placode to populate regions of the ventral forebrain, including the terminal nerve and hypothalamus. Depending on the particular species, these different regions contain different forms of GnRH (Fernald and White, 1999; King and Millar, 1995; Parhar, 1998; Sherwood, 1987; White and Fernald, 1998; Whitlock and Westerfield, 1995a) . In fish, the terminal nerve is a group of cells associated with the olfactory nerve. A subset of these terminal nerve cells express GnRH which may or may not be the same form of GnRH as that found in the hypothalamus (Dubois et al., 2002) . In mammals, in contrast, the terminal nerve is a more diffuse collection of cells extending from the olfactory epithelium to the basal forebrain (Demski, 1987 (Demski, , 1993 , where, generally, both the terminal nerve and the hypothalamic populations contain the same form of GnRH. A final population of GnRH cells, not associated with the olfactory system, is found in the midbrain and is thought to arise from within the midbrain. The midbrain cells contain a form of GnRH which is highly conserved across vertebrate animals, including humans (Dubois et al., 2002; Neill, 2002) .
GnRH is a multifunctional peptide having different physiological roles in the adult animal. The terminal nerveGnRH neurons have a neuromodulatory role in the forebrain and olfactory epithelium (Abe and Oka, 2002; Eisthen et al., 2000) and are also thought to be a modulator of olfactory mediated behaviors (Pfaff et al., 1987; Wirsig and Leonard, 1987) . In contrast, the hypothalamic-GnRH cells have a direct endocrine role as the releasing hormone acting on the pituitary (Jennes and Conn, 2002; Sherwood, 1987) . Therefore the terminal nerve-GnRH and hypothalamic-GnRH cells have different functions in the adult animal, a difference that in some animals is associated with the expression of different forms of GnRH in these populations.
Our current understanding of the origin of GnRH cells is that these cells arise from the olfactory placode and then migrate into the CNS to populate their central targets, such as the hypothalamus. However, a placodal origin for neuroendocrine cell population is surprising, as no other sensory placodes give rise to neuroendocrine populations. But, the developing olfactory placode is flanked by cell types that are known to give rise to neuroendocrine cells: the adenohypophyseal placode and the neural crest. It is known that the olfactory placodes arise from a region of the neural plate that also gives rise to the adenohypophysis, a known source of endocrine cells ( Fig. 1A ; Kawamura et al., 2002; Le Douarin and Kalcheim, 1999; Rubenstein et al., 1998) . Likewise, it is known that neural crest cells along the trunk give rise to neuroendocrine cells. We have been investigating the developmental origin of GnRH cells in the zebrafish and have found that that the hypothalamic-GnRH cell population arises from the adenohypophyseal region of the anterior neural plate and that cranial neural crest contributes the GnRH cells of the terminal nerve.
Materials and methods

Animals
All wild type embryos were of the AB line obtained from the University of Oregon stocks (Eugene, OR). Fish were reared in a recirculating system (Aquatic Habitats Inc, Apopka, FL) in a 14-h light-10-h dark cycle at 28.5°C. The you-too mutant (Karlstrom et al., 1999) and detour (Karlstrom et al., 1996) stocks were provided by Dr. R. Karlstrom (University of Massachusetts, Amherst, MA). Embryos were reared in our facility and carriers were identified through single pair crosses. Embryos homozygous for the you-too mutation die at 5 days. Homozygous mutants are partially to totally missing their pituitary, yet the hypothalamus appears normal as judged by molecular markers for these structures (Karlstrom et al., 1996) .
GnRH terminology
Because of the wide variety of GnRH forms, White and Fernald (1999) have proposed a nomenclature where GnRH cells are named by the form they contain where the hypothalamic releasing form is GnRH-I, the midbrain form is GnRH-II and, if the salmon form of GnRH is found in the terminal nerve, it is GnRH-III. This nomenclature is not yet widely accepted in the literature and is confusing when the terminal nerve and hypothalamic populations contain two different forms of GnRH. Therefore, we will adopt the method of Dubois et al. (2002) in referring to the GnRH cells based on localization and function. Thus, the terminal nerve GnRH cells are TN-GnRH, the hypothalamic GnRH cells H-GnRH, and the midbrain GnRH cells MB-GnRH (which will not be considered in this study).
Immunocytochemistry
GnRH immunocytochemistry was performed as reported in Whitlock and Westerfield (1998; with a few modifications. Several modifications were made to this protocol for the anti-GnRH staining: first, trypsin permeabilization was used on the animals older than 48 h, where a 10-s rinse in trypsin (1 mg/ml) was followed by rinses in buffer. Next, prior to the block step but after permeabilization, a 0.3% hydrogen peroxide (in PBS) incubation for 10 min was performed to quench endogenous peroxidases. The LRH13 antibody is an anti-GnRH monoclonal antibody, used at 1:200, recognizing forms of GnRH containing serine at position 4 and tyrosine at position 5 of the decapeptide (Park and Wakabayashi, 1986) . Antibody labeling was visualized with goat anti-mouse secondary (1:200) followed by mouse peroxidase anti-peroxidase (1:500; Sternberger Monoclonals) and DAB (diaminobenzidine, Sigma; 0.05%) coloration reaction. For fluorescent preparations, the LRH13 antibody was visualized with a directly coupled secondary antibody using fluorescein or Texas Red (1:100; Jackson Labs).
In order to recognize differentiated cells in the anterior pituitary, we used an antibody against human adrenocorticotrophin (ACTH; The National Hormone & Peptide Program, UCLA Medical Center). The antibody is a polyclonal used at 1:100 and visualized with a Cy2-conjugated fluorescent secondary (Jackson Labs).
To recognize cells in M-phase, we used an antibody against phosphorylated histone H3 (anti-H3; "Mitosis Marker", Upstate Biotechnology, NY) as previously described (Whitlock and Westerfield, 2000) . Olfactory neurons were recognized by the anti-calretinin antibody (mouse monoclonal; Swant Antibodies, Switzerland) used at 1:1000.
In situ hybridization
In situ hybridization was done as previously described in Whitlock and Westerfield (2000) . Briefly, we used the distal-less 3 gene (dlx3; Akimenko et al., 1994) to mark the olfactory field (Fig. 1B, red) and the fork head-6 gene (fkh6; Odenthal and Nusslein-Volhard, 1998) to mark the premigratory cranial neural crest (CNC; Fig. 1B, blue) . For single in situs, the mRNA probes were labeled with digoxygenin (DIG; Boehringer Mannheim) and followed with a coloration reaction using either NBT/BCIP (Boehringer Mannheim) or Fast Red (Boehringer Mannheim). For double in situ hybridization, one probe, generally the one producing the weaker signal, was labeled with DIG and the second was labeled with fluorescein (Boehringer Mannheim). The hybridization was done simultaneously and the antibody labeling for anti-DIG and anti-fluorescein was done sequentially using a 0.1 M glycine (pH 1.8) treatment after the first antibody.
Dil labeling
Dye labeling of cranial neural crest was done according to Serbedzija et al. (1992) . Specific details are that the stock solution, 0.5% 1,1-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine (DiI; Molecular Probes) in 100% ethanol, was diluted 1:10 in 0.3 M sucrose solution immediately before injection. Prior to dilution, both the DiI stock solution and sucrose solutions were heated to 56°C for 5 min in a water bath. This step prevented the dye from crystallizing when the electrodes were back-filled. Embryos were collected and allowed to develop until the 4 -6 somite stage (ϳ12 h after fertilization, h) when they were prepared for labeling. The embryos were mounted in 4% methyl cellulose (Sigma) on their side. Dye was delivered by pressure injection (electrode pulled from thin-walled 1.2/0.96 mm glass; Sutter Instruments) into the region of the cranial neural crest. The location of dye application was determined by using the caudal border of the developing eye as a landmark within the embryo. Dye was applied posterior to this border and in the dorsal half of the embryo when viewed from the side. Success of labeling was monitored by viewing under rhodamine fluorescence. Animals with no labeling or excessive labeling, judged by dye label extending dorsal to or ventral to the developing eye, were not used. The animals were allowed to develop until 56 h after fertilization, a time when we know the terminal nerve cells are GnRH-positive.
Embryos from the same time period were also used for labeling of the adenohypophyseal region of the anterior neural plate. Embryos were mounted in 4% methyl cellulose dorsal-anterior side up. Using glass needles, a small cut was made at the anterior end of the neural plate (pollster region) over the yolk. DiI was injected into the region beneath the cut. Embryos were left in embryo medium in methyl cellulose, which dissolved over time as the embryos developed. Animals were scored at 56 h, and only those animals with (Whitlock and Westerfield, 2000) , and eye/diencephalic field (Varga et al., 1999 ) from zebrafish. Pituitary and hypothalamic domains are based on chick fate map (Couly and Le Douarin, 1987; Le Douarin and Kalcheim, 1999) . (B) Double in situ hybridization for dlx3 (Akimenko et al., 1994 ) (red) in olfactory field and fkh6 (Odenthal and Nusslein-Volhard, 1998 ) (blue) in premigratory CNC. The expression of dlx3 marks the developing olfactory field and otic placode field. There is a row of cells expressing dlx3 that runs along the fkh6 domain. Asterisk marks area where Dil was applied in the living embryo; the star marks the adenohypophyseal region. Scale bar in (B), 100 m no labeling in the olfactory organ were used. Labeling in the olfactory organ indicated that the initial labeling of the anterior neural plate was too extensive and these preparations were not scored.
Lineage tracing
Labeling of cells to track lineage was done according to Westerfield (1998, 2000) . Briefly, two to three cells were labeled in anterior premigratory neural crest. The dorsal-ventral limits were determined by labeling dorsal and ventral to a cellular border obvious with Nomarski optics in the living embryos at 6 -7 somites (see Fig.  3A ). Initially, labeling was done both posterior and anterior of the caudal edge of the developing eye to confirm our previously described border (Whitlock and Westerfield, 2000) of premigratory neural crest (see Fig. 3F ). Subsequently, labeling was done posterior from the caudal edge of the developing eye to target CNC (see Fig. 3C ). Cells were injected with a combination of rhodamine (2%) and fluorescein (2%) dextran dyes (Molecular Probes). This enabled the cells to be viewed under rhodamine fluorescence yet later be made into a permanent preparation (see below). The embryos were checked after labeling to determine whether there was cell damage, allowed to develop until 56 h, and then fixed. To make permanent preparations, the anti-fluorescein antibody was used (1:5000; Boehringer Mannheim) followed by the NBT/BCIP coloration substrate giving a final blue color. For combination with in situ hybridization (see Fig. 3C ), the Fast Red (Boehringer Mannheim) coloration reaction was used, giving the cells labeled with the lineage tracer a red color, while the in situ signal is blue.
Double-labeling DiI and LH13 antibody
Double labeling for DiI and the anti-GnRH immunocytochemistry were done according to Hilal (Hilal et al., 1996) . After the live animals labeled with DiI were examined and images captured, the animals were fixed in 4% paraformaldehyde and rinsed in PBS. The immunocytochemistry is modified by eliminating the Triton X from all buffers. In order to aid in permeabilization, saponin was substituted (0.5%) with 0.2% sodium azide to prevent growth in the buffers. These modifications of the technique reduced the loss of the DiI labeling from the cells. The LRH13 antibody was visualized with a directly conjugated secondary antibody (flourescein; Jackson Labs), and the preparations were viewed with fluorescent microscopy. This double labeling was only possible for the TN-GnRH population for these cells label strongly with the LRH13 antibody even when permeabilization steps are left out as is necessary for double-labeling with DiI. In contrast, the labeling of the H-GnRH population with the LRH13 antibody cannot be combined with DiI labeling, for visualization of this population with the LRH13 antibody requires the extra permeabilization steps (see previous section on Immunocytochemistry), which destroys the DiI label.
Lineage dyes and anti-GnRH antibody
Preparations containing clones of cells at 56 h were fixed and processed with the anti-fluorescein antibody (1:5000; Boehringer Mannheim), followed by the NBT/BCIP reaction, giving a blue color. The position of the resulting clones was then scored (see Fig. 3F ). The preparations were subsequently labeled with the LRH13 antibody and processed with the peroxidase anti-peroxidase (Sternberger Monoclonals, see above) to give a brown color. Cells double labeled for both the lineage tracer and the antibody were a blue-brown color. Cells labeled for either the lineage tracer or anti-GnRH antibody alone were either blue or brown, respectively.
Results
Terminal nerve GnRH cells arise from cranial neural crest
The olfactory organ of vertebrates develops through a complex interaction of both local neurectoderm (olfactory placode) and migrating cranial neural crest (CNC) cells. Because of the close association of CNC with the developing olfactory placode, we investigated whether CNC contained the progenitors of the GnRH cells. In the zebrafish, the olfactory placode is morphologically obvious in the live embryo at 17-18 hours after fertilization (h), while CNC cells start migrating at 6 -8 somites (14 h; Schilling and Kimmel, 1994) . Therefore, the CNC migrates anteriorly 4 h before the placode is formed. We identified CNC (Fig. 1B) by using a known marker for the olfactory placode and premigratory cranial neural crest. The distal-less-3 gene (dlx3) is expressed in the olfactory field, which will give rise to the olfactory placode (Akimenko et al., 1994; Whitlock and Westerfield, 2000) and the fork head-6 gene (fkh6) is expressed in premigratory neural crest (Odenthal and Nusslein-Volhard, 1998 ).
We applied DiI unilaterally to the anterior CNC prior to initiation of migration at 6 -8 somites (Fig. 1B , asterisk marks region in CNC that was targeted; see Fig. 3 for more detail). DiI application within the premigratory CNC gave rise to known CNC derivatives, such as cells within the trigeminal ganglia ( Fig. 2A and B, asterisks; Metcalfe et al., 1990 ) and pigment cells ( Fig. 2A and C, star) when the CNC cells were scored at 56 h. Strikingly, we also observed labeling in clusters of cells in the terminal nerve ( Fig. 2A, D and E, arrow) similar to those showing GnRH immunoreactivity (Fig. 2F, arrow) . Double labeling with the antiGnRH antibody confirmed that these clusters of cells are in fact GnRH-positive ( Fig. 2G and I, arrow) . The contralateral side of the preparation shown in Fig. 2H was not labeled with DiI, and there is no DiI evident in the terminal nerve (Fig. 2F) . The fact that not all cells in the cluster were double labeled (Fig. 2G, arrowhead) suggests that not all progenitors were DiI labeled in CNC, or that the cells underwent cell division thus diluting the initial label. Interestingly we never observed DiI labeled cells in the migratory H-GnRH population (Fig. 2F, arrowheads) .
Next, we performed lineage tracing on cells of the anterior CNC (Fig. 3 ) at 4 -6 somite stage (12 h) embryos. In the living embryo, a clear dorsal-ventral (D-V) border within the cranial neural crest was evident (Fig. 3A, arrowheads) . We found that cells labeled ventral to this border migrated ventral to the developing eye, while those labeled dorsal to this border (Fig. 3B , arrowhead with asterisk) migrated anterior to contribute to facial structures. The caudal edge of the developing eye demarcated the anterior border of premigratory neural crest, a landmark used in our previous fate map (Whitlock and Westerfield, 2000) . Cells labeled anterior to this border resulted in clones in the olfactory organ and telencephalon (Fig. 3F , red, yellow) in agreement with our previous fate map. Cells labeled posterior to this border resulted in neural crest derivatives (Fig. 3F , orange, blue, purple), including cells in the terminal nerve (Fig. 3F, orange) . When specifically targeting the cranial neural crest domain, we injected rhodamine dextran dyes into several cells in the CNC at this border (Fig. 3B , arrowhead with asterisk) and confirmed their CNC location by immediately processing the labeled embryos for RNA in situ hybridization (Whitlock and Westerfield, 2000) using the fkh6 gene as a marker for premigratory neural crest (Odenthal and Nusslein-Volhard, 1998) (Fig. 3C, arrow) . When specifically marking neural crest, 90% of the cells, n ϭ 10 animals, were within the neural crest domain, while in one preparation, the marked cells (2) straddled the fkh6-positive neural crest domain. We scored the animals at 56 h, and of the cells labeled dorsal to the D-V border (Fig. 3A and B) , clones of cells were found in the dorsal olfactory organ (n ϭ 5), dorsal telencephalon (n ϭ 1; neural), dorsal telencephalon (n ϭ 6; structural), eye sclera (n ϭ 3), and terminal nerve region (n ϭ 7). Our overall labeling success rate was 26% (22/83), where successful clones were defined as clearly labeled cells with no sign of damaged cells or extensive skin labeling. The subset of labeled cells in the dorsal olfactory organ and telencephalon was not unexpected, for we were labeling at the anterior border of the fkh6 expression domain, which flanks the olfactory domains (see Fig. 1A and B). We also observed clones in the eye sclera (Fig. 3D,  arrows) , a known neural crest derivative. Importantly, we observed clones of cells in the region of the terminal nerve which, when double labeled (Fig. 3E, arrowhead) , were also GnRH-positive. The label of the clone of cells (blue, see Fig. 3D ) turns bluish-brown (Fig. 3E, inset) when double labeled for anti-GnRH (see Fig. 2F ). Our results obtained using DiI labeling and labeling with intracellular lineage tracer dyes (Fig. 3F ) support our hypothesis that the TNGnRH cells arise in the CNC and migrate anteriorly, joining the precursors of the olfactory placode before the olfactory placode is morphologically differentiated.
DiI labeling of the developing anterior neural plate
In none of our experiments did we observe cells in the posterior migratory route of H-GnRH cells. In considering possible origins of the cells, we revisited the paper of el Amraoui and Dubois (1993) . This is one of the few studies where the origin of the GnRH cells was investigated before the formation of the olfactory placodes, during the neural plate stage. In these experiments using chick embryos, ablation of the olfactory sensory epithelia did not eliminate H-GnRH cells. In contrast, when the area giving rise to the respiratory epithelium was removed, the H-GnRH cells were lost. In the chick neural plate, the respiratory epithelia arises from an area anterior to the sensory epithelia; this area lies adjacent to the developing anterior pituitary placode or future adenohypophysis, which arises from the anterior end of the neural plate. The pituitary is made up of the fusion of the adenohypophysis and the neurohypophysis, which arises from the midline of the neural plate (see diagram, Fig. 1A ). Thus, we explored the idea that the adenohypophyseal region of the anterior neural plate, a source of endocrine cells, is also the source of H-GnRH cells in the zebrafish.
We used DiI labeling of the anterior pituitary region of the forming neural tube in the living embryo ( Fig. 1B, star;  Fig. 4A , arrowhead) to confirm that cells labeled in this region migrated into the CNS during development. We found that, when the pituitary contained labeled cells, cells were also labeled in the migratory route (Fig. 4B, arrows ). These data suggest that H-GnRH cells could arise from the very anterior neural plate. We were unable to use the LRH13 antibody to confirm the identity of these cells (see Materials and methods). Therefore, we made use of existing mutants to investigate the hypothesis that the GnRH cells arise from the adenohypophyseal region of the anterior neural plate (see Fig. 1 ).
Loss of H-GnRH cells in the you-too mutant
The zebrafish mutant, you-too (Karlstrom et al., 1999) , is a mutation that disrupts the gli2 gene, a gene important in midline signaling, which results in partial to total loss of the pituitary. We found a very strong correlation between the extent of loss of pituitary and the number of H-GnRH cells, while the loss of TN-GnRH cells was unaffected by the mutation. Anti-GnRH immunocytochemistry on mutant embryos with a partial pituitary (Fig. 4F) showed a greatly diminished number of H-GnRH cells (Fig. 4C, arrowhead ; n ϭ 17 animals, H-GnRH cell number ϭ 1.29 Ϯ 0.21). And in mutants totally lacking a pituitary (data not shown), there 2.3 2.3 L ϭ 4.0, R ϭ 4.5 L ϭ 0, R ϭ 0 52 h (n ϭ 16) 4.1 4.0 L ϭ 4.6, R ϭ 5.5 L ϭ 0, R ϭ 0 54 h (n ϭ 13) 3.9 3.9 L ϭ 5.9, R ϭ 5.6 L ϭ 0, R ϭ 0 56 h (n ϭ 11) 4.2 4.2 L ϭ 5.1, R ϭ 5.1 L ϭ 0, R ϭ 0
Note. h, hours after fertilization; L, left terminal nerve; R, right terminal nerve. were no H-GnRH cells (n ϭ 14 animals, H-GnRH cell number ϭ 0; Fig. 4D ). TN-GnRH cells were present in normal numbers in both groups ( Fig. 4C and D, arrow) . In contrast, in the wild-type siblings having a normal pituitary (Fig. 4G) , both the TN-GnRH cells (Fig. 4E, arrow) and H-GnRH cells (Fig. 4E, arrowhead) were present (n ϭ 25 animals, H-GnRH cell number ϭ 4.2 Ϯ 1.38). Additionally, the olfactory placode appeared normal (Fig. 4H ) in this mutant background as judged by anti-calretinin labeling of the olfactory sensory neurons. We have also examined the detour mutant (Karlstrom et al., 1996) . While the gene disrupted in this mutant background has yet to be identified, the phenotype is that it has a missing or diminished anterior pituitary. Again, in these mutants, the H-GnRH cells are missing, while the TN-GnRH cells are present, suggesting a nonneural crest embryonic origin for the H-GnRH cells, namely the adenohypophyseal region of the anterior neural plate. These data support our model that the H-GnRH cells arise from outside the developing olfactory placode field, for the olfactory organ appears normal in the you-too mutant yet the GnRH cells are missing. Furthermore, these data provide added support for our model that the TN-GnRH cells and H-GnRH cells arise from separate regions in the embryo, for the TN-GnRH population is unaffected in the you-too mutant background.
Cell division in H-GnRH population
In order to determine whether the GnRH cells were undergoing cell division, we extended our previous analysis of cell division patterns during the formation of the olfactory placode (Whitlock and Westerfield, 2000) with special attention to the GnRH cell populations. We observed differences between the TN-GnRH and H-GnRH populations in cell division patterns. Using the anti-H3 antibody, we examined cell division patterns from the time when the GnRH cells are first immunopositive through 60 h. We found that the TN-GnRH cells (Table 1) did not undergo mitosis as indicated by the lack of co-labeling for the anti-H3 and anti-GnRH antibodies (Table 1) . This demonstrates that once the terminal nerve cells are making GnRH they are no longer undergoing cell division. In contrast, the H-GnRH cells did undergo cell division (Fig. 5A , arrow) and were positive for the anti-GnRH antibody (Fig. 5B , arrow) at all times examined ( Fig. 5C, arrow ; Table 1) . Therefore, the H-GnRH cells, and not the TN-GnRH cells, have the unusual characteristic of undergoing cell division even when they are expressing a marker of terminal differentiation (GnRH).
Discussion
Early developmental analysis
We have made use of the zebrafish embryo to examine the embryonic origin of GnRH cells in vertebrate embryos. Importantly, zebrafish embryos are accessible from the time of fertilization, allowing us to access progenitor cells prior to the formation of the olfactory placode, adenohypophysis, and terminal nerve. Surprisingly, we have found that GnRH cells arise from two regions that flank our previously described olfactory placode fields ( Fig. 1A ; Whitlock and Westerfield, 2000) . The progenitors of H-GnRH cells (Fig.  6, green) arise from the adenohypophyseal region of the developing neural plate, and the TN-GnRH cells (Fig. 6,  orange) arise from the cranial neural crest. These regions flank the olfactory placode field (Fig. 6, pink) , and, as the olfactory placodes form, the CNC and adenohypophyseal cells become associated with the placodes.
In examining the early fate maps of other vertebrates (Le Douarin and Kalcheim, 1999; Rubenstein et al., 1998) , the mapping of presumptive territories seems generally conserved from fish to mammals. The general consensus is that the adenohypophysis or anterior pituitary arises from anterior neural ridge in animals ranging from amphibians to mammals (Dubois et al., 1997; Kawamura et al., 2002; Kouki et al., 2001) and that the posterior border of this region is flanked by the hypothalamic region. Furthermore, as noted by Dubois et al. (1997) , the adenohypophyseal region is flanked by the regions giving rise to the respiratory epithelium of the nasal cavity, and this region is proposed to give rise to GnRH cells in the chick. In the original study (el Amraoui and Dubois, 1993) , the origin of the GnRH cells was investigated prior to the formation of the olfactory placode. The domain that gives rise to the GnRH cells is the region closest to the adenohypophyseal precursors, as opposed to the region generating the olfactory sensory epithelium. Thus, this supports the idea that the adenohypophyseal region is a source of GnRH cells.
Therefore, at the neural plate stage, the progenitors of the olfactory organ, adenohypophysis, and hypothalamus sit juxtaposed to one another in the anterior neural plate (Fig.  1A) . As development proceeds, these cellular fields are joined by cranial neural crest cells migrating anteriorly to contribute to the structural element of the face. In comparing the fish and chick fate maps, the neural crest domain in the chick does not initially appear to flank the posterior domain of the olfactory placode fields, as we have described in fish (Whitlock and Westerfield, 2000) . But, upon closer inspection, the domain in chick immediately flanking the posterior olfactory field is fated as upper beak, a neural crest derivative.
Olfactory-adenohypophyseal placodes
The development of the adenohypophysis and the hypothalamus is intrinsically linked as shown by Kawamura and Kikuyama (1998b) in amphibians, where the anterior neural ridge (ANR) gives rise to the preoptic hypothalamus after the closure of the neural tube. The recent confirmation of the anterior neural ridge as the source of the adenohypophysis in mouse (Kouki et al., 2001 ) was demonstrated by DiI labeling in the living embryo. Using this technique, we have confirmed this to be true in zebrafish and have shown that there are labeled cells in the migratory route at the correct time and place to be GnRH cells. By genetically ablating the adenohypophysis using the you-too mutant, we lost only the H-GnRH population, leaving the TN-GnRH population untouched. Therefore, we have not only shown that the adenohypophysis arises from the anterior neural plate, but that its loss results in the loss of GnRH cells. In addition, using markers for differentiated hypothalamus, we too have found that cells appear to migrate from the region of the ANR well after the neural formation (Wolf and Whitlock, unpublished). As we and others (Kawamura and Kikuyama, 1998a; Kawamura et al., 2002) have emphasized, there is an intimate relationship between the hypophyseal-hypothalamic, olfactory epithelium, and olfactory bulb anlage in the developing neural plate. A careful analysis of hypophysealhypothalamic lineages and further investigation of the developmental pattern of gene expression in these tissues will help to unravel the embryonic origins of the cells contributing to the hypothalamic-pituitary axis and their relationship to the developing olfactory system.
Neural crest and sensory placodes
The olfactory organ arises from a combination of neural crest and placodes, where the neural crest contributes to the structural elements of the nose. Our prior analysis (Whitlock and Westerfield, 2000) of olfactory placode development was carried out to better understand the developmental events leading to the formation of the olfactory placode and to elucidate the link between olfactory sensory neuron and GnRH cell development. While our fate map uncovered new cells types, such as the pioneer neurons of the olfactory sensory system (Whitlock and Westerfield, 1998) , no GnRH progenitors were found. A careful consideration of the biological foundations underlying the current model where GnRH cells are proposed to arise from the olfactory placode led us to a more careful examination of the literature. The dual crest-placode origin of cranial nerves is well known in the vertebrate development (Baker and Bronner-Fraser, 2001; Northcutt, 1996) . Like other cranial nerves, the terminal nerve has been suggested to have two origins, neural crest and sensory placode (Fritzsch and Northcutt, 1993; Northcutt, 1993) . This makes the contribution of cranial neural crest to the GnRH cell population of the terminal nerve consistent with the development of cranial nerves in vertebrate animals.
Previously we have shown that c-ret, a tyrosine kinase gene known to be expressed in neural crest in vertebrates (Bisgrove et al., 1997) , is also expressed in the TN-GnRH cells but not in the H-GnRH population (Whitlock and Wolf, 2001) . If the terminal nerve is generated from crest and placodes, is the placodal component in fact the olfactory placode? Is there a "terminal nerve placode" which the CNC joins? Previously, there has been no lineage data to support either an independent terminal nerve placode or an origin in the olfactory placode. Our data provide evidence that at least part of the terminal nerve cell population, those con-taining GnRH, arise from CNC. Further analysis coupling lineage tracing, mutant analysis, and knock-down techniques (Nasevicius and Ekker, 2000) targeting genes known to be expressed in premigratory CNC will allow us to uncover the origin(s) of this cranial nerve so closely associated with neuromodulation of sensory systems (Stell et al., 1987; Wirsig-Wiechmann, 2001 ).
Previous studies
Originally, in mouse, hypothalamic GnRH cells were proposed to arise from the olfactory placode (SchwanzelFukuda and Pfaff, 1989; Wray et al., 1989) . But in other vertebrates, such as Oryzias latipes (Medaka), the H-GnRH cells are described as being distinct from the olfactoryderived TN-GnRH cells, and may have their origins in the ventral forebrain (Parhar, 1998) . This has also been supported by chimera studies in amphibians (Kawamura and Kikuyama, 1998a) . The idea that the olfactory placode may not be the source of the TN-GnRH cells is not novel in that Northcutt (1993) has suggested that the terminal nerve has multiple embryonic origins. Therefore, there is not complete agreement on the developmental origin of the GnRH cells in vertebrate animals.
Pax6 and GnRH cells
The phenotype of the mouse small-eye (Pax6) mutant has been used as evidence supporting the olfactory placodes as the source of GnRH cells of the hypothalamus. This mutant phenotype arises from the loss of the Pax6 gene, and in this mutant, both the olfactory placode and GnRH cells are missing (Dellovade et al., 1998) . A careful reading of the literature on the mouse small-eye (Sey) homozygote mutant shows that, while the development of the olfactory placode is disrupted in this mutant (Quinn et al., 1996) , there are defects in neural crest migration (Matsuo et al., 1993) , which is in agreement with the severe disruption of the frontal mass in this mutant. Pax6 is also expressed in the developing pituitary, which is disrupted in the Sey mutant (Kioussi et al., 1999) . Therefore, the Sey mutant offers little insight to the origin of the GnRH cells because it has a myriad of developmental defects not only in the olfactory placodes but also in the neural crest and adenohypophysis.
Cell labeling and ablation
The majority of studies examining the development of the GnRH cells have primarily used antibodies against GnRH, and in some cases, in situ markers for GnRH to trace a migratory route from the olfactory placode to the hypothalamus (Dubois et al., 2002) . Additionally, labeling of the placode with DiI in living animals results in DiI-labeled cells migrating from the placode (Hilal et al., 1996) . We have also labeled the olfactory placode with DiI and only seen cells migrating way from the placode when the DiI labeling was extensive, making it difficult to determine whether all the initial DiI label remained in the placode (K.E.W., unpublished observations). Likewise, in a study showing that placode ablations create loss of GnRH cells (Northcutt and Muske, 1994) , there is the same possible caveat of lack of specificity where the removal of the placode can remove cells of differing embryonic origins, such as neural crest that has surrounded it to produce the nasal capsule.
A striking characteristic of the data in the literature is that the majority of the analyses were done after olfactory placode formation and thus after anterior neural crest migration in animals such as zebrafish. By the time the placode has formed, neural crest cells contributing to the frontal mass have migrated anteriorly and are intimately associated with the olfactory placode. Therefore, the uniting of cell types that arise from different regions of the embryo to form the olfactory organ makes the uncovering of progenitor origins complicated.
Terminal nerve and hypothalamic cells express distinct forms of GnRH
GnRH is a decapeptide having complex and varied functions in the vertebrate animal, where it has been co-opted for a variety of functions from neuromodulation to endocrine control of sexual differentiation. All chordates examined thus far have at least two forms of GnRH, with the form designated chicken II (CII) GnRH (GnRH types were generally named for the species in which they were first discovered) being the most highly conserved. This form is universally present in the midbrain population, with the terminal nerve and hypothalamic populations being more variable in the forms of GnRH they express dependent upon the species (Dubois et al., 2002) . Generally, both the CII and salmon form of GnRH are found in bony fishes, and more recently, it has become apparent that many fishes have a third, species-specific, form of GnRH (Chow et al., 1998; Dubois et al., 2002; Okubo et al., 2000) . We originally reported (Whitlock and Westerfield, 1995) , based on antibody staining, that zebrafish have two forms of GnRH. But our recent data (Gopinath, Tseng, Illing, and Whitlock, unpublished observations) indicate that there may be a third, species-specific, form expressed in the hypothalamic population. The presence of multiple forms of GnRH within the CNS is a confusing issue, for many anti-GnRH antibodies are cross-reactive between GnRH forms. As GnRH genes are being cloned and sequenced from more vertebrate species (Fernald and White, 1999; Parhar, 1998) , more animals have been found to express not only the previously described midbrain (GnRHII, chicken) and terminal nerve (GnRHIII, salmon) forms, but also a species-specific (hypothalamic) form. Therefore, the embryonic origin may be linked to the form of GnRH expressed in many vertebrate animals.
Kallmann Syndrome: differentiation versus migration
The developmental association between the olfactory placode and the GnRH cells was originally bolstered by investigations into the human disease Kallmann Syndrome (Rugarli, 1999) . Kallmann Syndrome is the rare anosmic form of hypogonadic hypogonadism (HH) defined by the association of GnRH deficiency with anosmia. The gene responsible for the X-linked form of Kallmann Syndrome (MacColl et al., 2002a, b) , KAL-1, was cloned in humans (Legouis et al., 1991) , and it encodes a 95-kDa extracellular matrix protein, anosmin-1 (Soussi-Yanicostas et al., 1996) . While yet to be found in mouse (Hardelin, 2001) , the gene has been isolated in the zebrafish, where there are two orthologues, kal1.1 and kal1.2 (Ardouin et al., 2000) . The GnRH defect results because the route of GnRH cell migration is disrupted, preventing the GnRH cells from populating their target in the hypothalamus. Clearly, the Kallmann's form of hypogonadic hypogonadism is a defect in the migration of the GnRH cells, not the failure to differentiate. Therefore, GnRH cells can differentiate without migration to their final target in the CNS. In our results from the you-too mutant, it is possible that the H-GnRH cells are not differentiating due to lack of signals emanating from the target site toward which they migrate. The Kallmann data from studies on a human fetus argue that the GnRH cells can differentiate without migrating (Schwanzel-Fukuda et al., 1996) . Furthermore, we never observed an increase in GnRH positive cells in regions peripheral to the hypothalamus, indicating that the loss of the adenohypophysis in the you-too mutant disrupts the differentiation of the H-GnRH cells, which can occur in the absence of migration.
Summary
The initial reports that GnRH cells arise from the olfactory placode were surprising in that the sensory placode was suggested as the origin of the neuroendocrine cells of the hypothalamus. We have found that the terminal nerve and hypothalamic GnRH cells have separate origins in the developing neural plate. Strikingly, these separate developmental origins mirror their different functions, neuromodulator (TN) and endocrine releasing hormone (H), in the adult animal. The hypothalamic GnRH cells have the added difference that they undergo cell division even after becoming GnRH-positive. This unusual pattern of showing both markers for differentiation (GnRH) yet still undergoing cell division has been previously described in the subventricular zone for migratory cells destined for the olfactory bulb (Luskin and Coskun, 2002; Menezes et al., 1995) .
Our findings draw attention to the value of understanding early fate maps, for they reveal the developmental relationship of adult tissues, relationships no longer evident after the extensive morphogenesis of the developing neural tube. Finally, the demonstration that GnRH cells arise from adenohypophyseal and neural crest domains, both domains characteristic of the neural plate border, highlights a commonality of cell type linking the development of the neural crest and the placodes, major contributors to the vertebrate head (Northcutt and Gans, 1983) .
